Thin oxide interlayers are commonly added to the back reflector of thin-film silicon solar cells to increase their current. To gain more insight in the enhancement mechanism, we tested different back reflector designs consisting of aluminium-doped zinc oxide (ZnO:Al) and/or hydrogenated silicon oxide (SiO x :H) interlayers with different metals (silver, aluminium, and chromium) in standard p-i-n a-Si:H solar cells. We use a unique inverse modeling approach to show that in most back reflectors the internal metal reflectance is lower than expected theoretically. However, the metal reflectance is increased by the addition of an oxide interlayer. Our experiments demonstrate that SiO x :H forms an interesting alternative interlayer because unlike the more commonly used ZnO:Al it can be deposited by plasma-enhanced chemical vapour deposition and it does not reduce the fill factor. The largest efficiency enhancement is obtained with a double interlayer of SiO x :H and ZnO:Al.
I. INTRODUCTION
It is a well-known empirical fact that the short-circuit current density (J sc ) of p-i-n hydrogenated amorphous silicon (a-Si:H) solar cells increases by at least 1 mA/cm 2 if a thin aluminium-doped zinc oxide (ZnO:Al) interlayer is deposited onto n-type a-Si:H before depositing the silver (Ag) back reflector (BR). [1] [2] [3] [4] [5] Interlayers based on n-type nanocrystalline hydrogenated silicon oxide (SiO x :H) have been considered as well. [6] [7] [8] External quantum efficiency (EQE) measurements indicate that the addition of the interlayer significantly increases the red response of the solar cell, which suggests that the BR reflectance increases. It has been proposed that this can be explained by constructive interference in the ZnO:Al. 9 However, calculations based on the optical constants of Ag predict a reflectance of the a-Si:H/Ag interface as high as 94%. Constructive interference in ZnO:Al can increase the reflectance of the a-Si:H/Ag interface only slightly, so this cannot explain the significant improvements in the red response.
Furthermore, optical modeling of the a-Si:H/Ag interface has proven to be difficult. Opto-electrical models that use the theoretical reflectance of 94% tend to overestimate the red response of the solar cell. 10, 11 Remarkably, for solar cells with a ZnO:Al interlayer, the use of the theoretical value of the reflectance does give accurate simulation results. This strongly indicates that in reality the reflectance of the aSi:H/Ag interface is far below 94%. Because the mechanism causing the reduced reflectance is not completely understood, it is difficult to take this effect into account in optical models for solar cells. An effective, but not very elegant, way to correct the model is to add a thin aluminium layer to the BR. 10, 12 Several explanations have been suggested for the reduced reflectance of the a-Si:H/Ag interface. One is that Ag can diffuse into the a-Si:H n-layer resulting in a poorly defined interface. In this case, the effect of inserting an interlayer would be to prevent the diffusion of Ag and to keep the Ag interface sharp. 13 Another explanation is that plasmonic absorption in Ag is responsible for the lower reflectance. [14] [15] [16] In this case, the role of an interlayer would be to shift the plasmon resonance to shorter wavelengths where the a-Si:H layer is not transparent. Thus far, there is no conclusive evidence supporting either of the above explanations. It is also unknown whether similar effects occur for other combinations of metals and interlayers.
The objective of this work is to gain more insight in the physical mechanisms affecting the reflectance of Ag in the BR of a-Si:H solar cells. We will not limit ourselves to Ag, but we will study several metal/interlayer combinations. In this way, we assess the suitability of different combinations that can be used as BR in a-Si:H solar cells. As the BR also has the role of an electrical contact, both its optical and electrical properties need to be considered.
Going from Ag to Al and finally to chromium (Cr), the ability of the metal to support plasmon resonance decreases from very high to very low. Therefore, we use these three metals to investigate to which extent plasmonic effects play a role in the a-Si:H/Ag interface reflectance. As interlayer material, we consider both ZnO:Al and SiO x :H. The commonly used ZnO:Al requires sputter deposition, while SiO x :H, just like the a-Si:H layers, can be deposited by radio frequency plasma-enhanced chemical vapour deposition (rf-PECVD). Therefore, if SiO x :H could replace the ZnO:Al layer in the BR, the solar cell fabrication process would be simplified. By considering double interlayers containing both a ZnO:Al and a SiO x :H layers, we also study the effect of refractive index grading. The uniqueness of our study is that by combining three different metals and five interlayer configurations, we obtain 15 different BR structures. In order to carefully investigate both the optical and electrical effects, we process complete a-Si:H solar cells with these BR structures at the back side of the solar cells and measure the external solar cell parameters using a minimum number of deposition runs for the p-i-n structures.
II. EXPERIMENTAL DETAILS
The different BRs considered in this study were tested on p-i-n single junction a-Si:H solar cells, deposited according to a standard recipe. Samples were prepared by rf-PECVD using both flat and textured substrates. Samples deposited on flat substrates were used for the study of the BR reflectance through optical simulations, while samples deposited on textured substrates were used to analyse the effect of different BR configurations on the performance of the solar cells.
The structure of the standard solar cell, both for the flat and the textured samples, is as follows: glass/transparent conductive oxide (TCO)/p-type lc-Si:H (5 nm)/p-type aSiC:H (7 nm)/a-SiC:H buffer (5 nm)/i-type a-Si:H (300 nm)/ n-type a-Si:H (20 nm). On this standard solar cell, we deposited several BR configurations by combining different oxide interlayers and different metals. As interlayers, we considered a 60 nm ZnO:Al layer and/or a 30 nm n-type SiO x :H layer. ZnO:Al was sputtered from a zinc oxide (ZnO) ceramic target with 2 wt. % alumina (Al 2 O 3 ). SiO x :H was deposited by rf-PECVD, using silane (SiH 4 ), carbon dioxide (CO 2 ), hydrogen (H 2 ), and phosphine (PH 3 ) as precursor gases. An optimisation of the material has previously been performed in order to achieve the highest solar cell performances. SiO x :H layers deposited according to the optimised recipe show a microcrystalline morphology, with crystalline grains embedded in an amorphous matrix. A detailed analysis of the microstructure showed an oxygen content of 55.9% and a crystalline fraction of 61%. Optical characterisation revealed a bandgap of 2.8 eV. 17 On the total area of each sample (10 cm Â 2.5 cm), 30 individual solar cells were made, each with an area of 0.16 cm 2 , as defined by the size of the metal back contact. In order to have well-defined contact areas, the remaining oxides around the contact were removed by wet (ZnO:Al) and dry plasma (SiO x :H) etching. Three metals were deposited according to the scheme shown in Fig. 1(b) . In this way, for every BR configuration, we obtained 10 solar cells distributed uniformly over the sample surface, allowing for good statistics on the solar cell external parameters presented in this study.
As metals, we considered Ag, Al, and Cr evaporated using a Provac PRO500S system with a deposition rate of 1 nm/s and no substrate heating. The metals are part of the BR and serve as back contacts. To eliminate the influence of small differences in the deposition conditions that may exist between different deposition runs, we will only compare samples deposited in the same run. While keeping the basic solar cell structure fixed as described above, we prepared different sets of samples.
For the optical study, we deposited the above-described p-i-n structure also on flat substrates (0.7 mm thick Corning Eagle XG glasses with a 1 lm thick ZnO:Al layer as a front TCO) in a single deposition run. An AFM scan of the flat ZnO:Al layer confirmed that the rms roughness of this layer is less than 5 nm. Three different BR configurations were applied to these samples resulting in one solar cell with just the metal as BR (flat reference solar cell), one solar cell with a SiO x :H/metal BR, and one solar cell with a ZnO:Al/metal BR. For all these samples, Ag, Al, and Cr metal back contacts were deposited according to the scheme shown in Fig.  1(b) . The total reflectance (R) and transmittance (T) of these samples were measured as a function of the wavelength from 300 nm to 1200 nm using a PerkinElmer Lambda 950 spectrophotometer equipped with an integrating sphere. The standard spot size was reduced, allowing R and T measurements to be done on individual 0.16 cm 2 solar cells or on the semitransparent spacing in between the metal back contacts.
The optical simulations were performed using the one dimensional (1-D) opto-electrical simulation tool Advanced Semiconductor Analysis (ASA) 18 developed at Delft University of Technology. The optical model is based on the transfer matrix method.
To study the role of different BR configurations on the performance of the solar cells, two runs of solar cell were deposited on textured Asahi VU-type substrates (see Fig.  1(a) ). The first run includes one reference sample with only a metal BR, one sample with a SiO x :H/metal BR, and one sample with a SiO x :H/ZnO:Al/metal BR. The second run includes again a reference sample, one sample with a ZnO:Al/metal BR, and one sample with a ZnO:Al/SiO x :H/ metal BR. Note that the double interlayer configuration of this second run is inverted with respect to the double interlayer configuration in the first run.
All the 30 individual solar cells of each sample were characterised by J-V measurements under AM 1.5 illumination using a PASAN flash solar simulator and by EQE in the wavelength range of 300-850 nm. All solar cell external parameters presented in this article are the average values of the best 5 solar cells (in terms of conversion efficiency). The averaged J sc values are calculated by integration of the EQE and are used to correct the conversion efficiency obtained from J-V measurements. The maximum error on the averaged external parameters will be indicated by error bars.
III. RESULTS

A. Metal reflectance
As a first step, we investigate the reflectance of the different metals. Note that we are interested in the internal reflectance, i.e., the reflectance of the back metal inside the solar cell at the a-Si:H/metal interface. For this part of our study, we compare 1D optical simulations and experimental reflectance and transmittance measurements performed on samples deposited on flat substrates, as mentioned in Sec. II. We focus on flat samples with smooth interfaces because simulation of light scattering at textured interfaces requires an accurate knowledge of the scattering parameters such as haze and angular intensity distribution, 11 which cannot be determined with sufficient accuracy for our purpose. In case of these samples, the only roughness is the one that is naturally introduced during the growth of the layers, which is sufficiently small to consider the interfaces optically flat in our metal reflectance study.
For wavelengths larger than 600 nm, the a-Si:H layers are transparent and the solar cell's external reflectance, measured from the front side of the solar cell, depends partly on the internal metal reflectance. To derive the internal metal reflectance from the solar cell's external reflectance, we use an optical model that takes the absorption in each layer and interference effects into account. This model requires the refractive index (real part n and imaginary part k) and the thickness of each layer as input parameters. The optical properties of the layers (n and k) used for the simulation are determined from (R,T) measurements on individual layers deposited on glass, deposited separately for this purpose. The measured n and k values as a function of wavelength of n-type a-Si:H, ZnO:Al, and SiO x :H are shown in Fig. 2 . The optical properties of the metals are taken from literature. 19 For every solar cell, n and k and the thickness of each layer used in the model are validated. For this purpose, R and T of the solar cells are measured in between the metal back contact dots as shown in Fig. 3(c) . In this way, we first consider the solar cell without BR. R and T are measured once from the front side and once from the back side of the solar cell (see Figs. 3 (a) and 3(b), respectively). In both graphs, the measured values of 1-R (red symbols) and T (blue symbols) FIG. 3 . R and T as a function of wavelength for the reference solar cell. Solid lines indicate the simulations, and circles the experimental results for (a) glass side illumination and (b) back side illumination. In the scheme depicted in (c), the position of the light spot in the spectrophotometer used for the R and T measurements in between the dots is indicated.
FIG. 2. Measured values of (a) n and (b)
k as a function of wavelength for n-type a-Si:H, ZnO:Al, and SiO x :H. are plotted. In this way, the absorptance (A ¼ 1-R-T) can be observed directly as the difference between the two curves. For wavelengths above 550 nm, the sample is transparent and T increases to values up to 80%. Note that, as expected, T is the same for both illumination sides, while R is not. The fringes are due to interference in the front TCO and a-Si:H layers, and these are very sensitive to the exact layer thicknesses. Then R and T of this semitransparent structure are simulated as well. Note that because the measurement is done in between the metal dots, we simulate the solar cell structure without the metal. The thicknesses of the front TCO and the absorber layer are varied slightly from the values calculated from the deposition rate in order to obtain a good agreement between the measured and simulated R and T. The simulation results are indicated as solid lines. The excellent agreement for both illumination sides is an indication of the validity and accuracy of the model and of the optical constants (shown in Fig. 2 ) and layer thicknesses used.
As a next step, we measured the reflectance from the front side of the solar cells, i.e., on the metal dots instead of in between them. First, we consider the reference solar cells without the interlayer. The measured solar cell reflectances for Ag, Al, and Cr BRs are shown as symbols in Fig. 4 . The validated model is used to simulate the total reflectance of the solar cells now including the metal BR. For wavelengths shorter than 600 nm, most of the light is absorbed before reaching the BR and the reflectance is low, but for longer wavelengths, a-Si:H is transparent and the reflectance is highly dependent on the BR used. Without modifying the optical constants or thickness of any of the layers, we now add a metal layer as the back contact in the simulation. The model uses the n and k values of Ag, Al, and Cr found in literature 19 as input for the Fresnel equations to determine the corresponding metal reflectance. These theoretical reflectance values are shown in brackets in Table I . The simulation results deviate somewhat from the experimental results, as illustrated in Fig. 4 . Because there is an excellent agreement between the simulation and experimental results shown in Fig. 3 , the deviation between measurement and simulation in Fig. 4 can only be caused by the introduction of the metal layer in the simulation. This indicates that simply calculating the reflectance from the optical constants of the metals can lead to an overestimation of the total reflectance. This is in agreement with earlier results. 10, 12 To correct the simulations, we can artificially reduce the reflectance of the metal in the model. In order to do this, we adapt the optical model to allow the metal reflectance value to be given as input directly, instead of being calculated from the Fresnel equations. In the wavelength range of 600-1200 nm, the reflectances of Ag, Al, and Cr are reasonably constant. Therefore, for simplicity, we consider the metal reflectance to be independent of the wavelength. We assume that the reflectance value that gives the best fit with the experimental data is the most realistic. In this way, we have obtained a unique inverse modeling approach to accurately determine the internal metal reflectance in our solar cells. Note that this internal reflectance cannot be measured directly.
In Fig. 5(a) , we present the results for the reference solar cell with Ag BR. A comparison between Figs. 4 and 5(a) shows that the measured solar cell reflectance can be approximated much better by assuming a constant Ag reflectance of 86%. In the same way, we determine that for the solar cell with a SiO x :H/Ag BR the Ag reflectance is about 95% (see Fig. 5(b) ). Although not displayed here, an equally good fit was found for the solar cell with a ZnO:Al interlayer using a Ag reflectance of 93%. Note that these are the internal reflectance values of just the metal and not of the complete BR which also includes an a-Si:H/interlayer interface.
The same analysis is performed for the other metals. As can be seen from the theoretical values given in brackets in Table I , Al is expected to have a somewhat lower reflectance than Ag. Cr is expected to have an even lower reflectance. It follows from the Fresnel equations that for an adjacent material with a high refractive index, such as a-Si:H, the metal reflectance is the lowest. Especially, for metals such as Al and Cr with a relatively high n, this effect reduces the metal reflectance significantly. The experimental values derived from the reflectance measurements, given in Table I , are somewhat lower than the theoretical values but show the same trend. Also for Al and Cr, the addition of an oxide increases the metal reflectance. However, unlike Ag, the reflectance values of Al and Cr do not recover to the theoretical values and remain rather low. The origin of this behaviour is not clear at the moment.
For this optical study, we have used flat solar cells (i.e., solar cells deposited on flat substrates) that could be modeled very well. This supports the idea that the main phenomenon involved in metal reflectance reduction is not related to surface roughness or texturisation. Therefore, it is unlikely that the main contribution to the reduction of the reflectance of the metals observed here is due to plasmonic excitation. The alternative explanation that the reflectance is reduced because the metal interface is not perfectly sharp seems more likely. Regardless of the physical mechanism, a correction is required in optical models for accurate modeling of the BR in a-Si:H solar cells. The experimental reflectance values summarised in Table I can be used instead of the theoretical values given in brackets. The comparison between SiO x :H and ZnO:Al shows that both interlayers increase R and perform equally well. Therefore, from a purely optical point of view, the fabrication process of the BR could be simplified by replacing the commonly used ZnO:Al by SiOx:H which can be deposited by PECVD.
B. Solar cell performance
As a next step, we investigate the role of different metals as back contacts in a-Si:H solar cells in order to analyse their effect on the solar cell external parameters. In this case, we focus on textured Asahi VU-type substrates, which are commonly used in a-Si:H solar cells. In this way, we can evaluate whether the results obtained in the simulation study on flat samples are coherent when the BR is applied on textured interfaces.
The comparison between the EQE of three solar cells that have Ag, Al, or Cr as metal back contacts is shown in Fig. 6 . Only the results for the solar cells without oxide interlayer between the silicon layers and the metal are reported, because similar behaviour is observed for the solar cells with oxide interlayer(s) in the BR. For short wavelengths, the three curves have the same behaviour because all photons in this wavelength range are absorbed in the a-Si:H layers and do not reach the BR. Different behaviours are observed for longer wavelengths, where the type of metal influences the performance of the solar cells. As demonstrated by the differences in red response, it is clear that the most effective metal back contact is Ag, because of its high reflectance, followed by Al, and finally Cr. The corresponding J sc values are given in Fig. 6 . This result is in agreement with other studies reported in literature. 8 the insertion of a SiO x :H interlayer between the silicon layers and the metal back contact improves g. The SiO x :H interlayer increases J sc while leaving FF unaffected. By adding a ZnO:Al layer between SiO x :H and the back metal, we observe a further improvement in g. Both for Ag and Al, this enhancement is again due to an increase in J sc and also in this case FF is not affected.
The J sc improvement can also be seen in the EQE measurement shown in Fig. 7(d) . The effect of the BRs is visible as an enhancement response in the long wavelength range (550-850 nm) with respect to the reference solar cell without oxide interlayers. We can observe that the solar cell with the double SiO x :H/ZnO:Al interlayer has a slightly higher red response in the EQE than the solar cell with the single SiO x :H interlayer.
In Fig. 8 , the external parameters of the solar cells of the second deposition run are shown. In this second run, we consider the ZnO:Al interlayer and the ZnO:Al/SiO x :H interlayer. Again we report only the results for the solar cells with Ag and Al as metal back contacts. As expected, the conversion efficiency of the solar cell with ZnO:Al interlayer improves with respect to the reference solar cell that has only a metal BR. Again the improvement is due to an enhancement in J sc , but in this case, we note that FF is reduced. This indicates that the ZnO:Al interlayer introduces Concerning the ZnO:Al/SiO x :H interlayer, we observe that adding the SiO x :H interlayer to the ZnO:Al interlayer does not significantly increase J sc . However, because FF is significantly reduced, the additional SiO x :H interlayer even causes a small decrease in g. This indicates that when SiO x :H is deposited onto ZnO:Al it does not form a good electrical contact. The inverted stack shown, where ZnO:Al is deposited onto SiO x :H, does not create such problems (see Fig. 7 ). So, in case of the ZnO:Al/SiO x :H interlayer, the improvement in solar cell performance is entirely due to the first oxide interlayer (ZnO:Al) while the addition of the SiO x :H layer lowers the solar cell performance with respect to the single oxide interlayer configuration.
The improvement of J sc with respect to the reference solar cell due to the insertion of a ZnO:Al interlayer can also be deduced from the EQE curves shown in Fig. 8(d) . This confirms that the addition of a SiO x :H interlayer on top of a ZnO:Al interlayer does not lead to a significant enhancement of the red response.
IV. DISCUSSION
The metal reflectance derived from reflectance measurements on the flat samples shows a good correlation with the red response of the solar cells (deposited on Asahi UV-type 2013) substrates), as characterised by EQE. The decrease in reflectance of the a-Si:H/metal interface when going from Ag to Al and finally to Cr corresponds with the decreasing red response of the solar cells for these three metals, as was already shown in Fig. 6 . Furthermore, the observation that the addition of SiO x :H or ZnO:Al interlayers increases the reflectance of the metal is in agreement with the EQE curves shown in Figs. 7(d) and 8(d) . This is quantified more precisely in Fig. 9 where the measured J sc in the long wavelength range is plotted versus the reflectance of the BR. The type of symbol indicates which interlayers are used, and the colour indicates the type of metal used in the BR. On the vertical axis J sc,>550nm is shown, since it represents the short circuit current density generated in the wavelength range where the BR affects the red response of the solar cells. This excludes the small variations in the EQE curves at shorter wavelengths which cannot be attributed to the BR. The total reflectance of the BR reported here is obtained from the optical model. Compared to the metal reflectance, the total BR reflectance can include the reflectance of additional interfaces of the interlayers. The interference effects of the 30 nm thick SiO x :H and 60 nm thick ZnO:Al interlayers are taken into account. Fig. 9 shows that the Cr BR, which has the lowest reflectance, also has the lowest red response at J sc,>550nm ¼ 5.9 mA/cm 2 . The SiO x :H/ZnO:Al/Ag BR has the highest reflectance resulting in the highest red response of J sc,>550nm ¼ 9.7 mA/cm 2 . The dashed line indicates a linear trend line. Most BR configurations are close to this trend line, indicating that the red response of the solar cell is strongly correlated with the BR reflectance. We recall that the solar cells were fabricated on a rough substrate while the reflectances of the BR were derived from flat samples. If we assume that the red response of the solar cell increases linearly with its BR reflectance, then any deviation from the linear trend line may be caused by different changes in reflectance when going from a flat to a rough BR. Any data point significantly below the trend line corresponds to a BR which has an above average reflectance reduction when going from flat to rough. We point out that this is the case for the Ag and Al BRs without interlayer, as indicated by the red and blue arrows, respectively. We suspect that this could be related to the plasmonic absorption losses that can only occur on nanorough Ag and Al surfaces. Plasmons cannot be excited in a flat solar cell and on most other metals. If this is the case then the length of the arrows indicates the extent of the plasmonic absorption losses, being about 15% for Ag and 10% for Al. To explain why plasmonic absorption does not occur (or is reduced) when SiO x :H or ZnO:Al interlayers are used, we study the plasmonic absorption losses in Ag, Al, and Cr when in contact with a-Si:H, SiO x :H or ZnO:Al. For this we represent the nanorough interface by a collection of nanosized metal spheres. This allows us to use the absorption efficiency Q abs of the nanosphere calculated using Mie theory as a qualitative indication of the absorption at a nanorough interface. The results for spheres with a diameter of 40 nm are shown in Fig. 10 . This clearly shows that for metal nanostructures the absorption can be strongly affected by plasmon resonance peaks, which are very different for Ag, Al, and Cr. Second, it shows that absorption in the metal is strongly dependent on the embedding medium. For all three metals, the absorption pattern shows a strong blue shift when the refractive index of the embedding medium is reduced (going from a-Si:H to SiO x :H and finally to ZnO:Al). This is in agreement with the results presented by Palanchoke et al., 20 who observed that an additional ZnO interlayer between the silicon solar cell and the metal back contact causes a shift of the localised plasmon resonances to shorter wavelengths. The wavelength range that is relevant for light trapping in a-Si:H solar cells is indicated in Fig. 10 by the horizontal arrows. Any absorption inside this range will negatively affect the red response of the solar cell. Ag and Al, when in contact with a-Si:H, have plasmonic resonance peaks in this relevant range. Ag has much sharper resonance peaks than Al. However, in both cases these peaks can be shifted below a wavelength of 550 nm by bringing the metal in contact with a low refractive index material like ZnO:Al. For Cr, the absorption peaks are much broader and therefore more difficult to shift out of the relevant wavelength range completely. In addition, a small part of the absorption in Al and a significant part of the absorption in Cr are due to interband absorption, 21 which unlike plasmonic absorption cannot be blue-shifted by reducing the refractive index of the embedding medium. The representation of the nanorough metal BR by nanosized metal spheres is a rather crude approximation. The real BR will contain many irregular features of different size and shape. Consequently, the real plasmonic absorption spectrum will look somewhat different from the spectra shown in Fig. 10 . Therefore, this figure cannot be used to explain all deviations from the trend line shown in Fig. 9 . It does however serve as an illustration of the manipulation of the plasmon resonance in Ag and Al nanostructures that can be achieved by including ZnO:Al or SiO x :H interlayers in the BR. Table II summarises the relative enhancement of all the solar cell external parameters compared to the reference solar cell without oxide interlayer. Only the results for Ag are shown, since similar trends are observed for Al. The comparison between the single interlayers (SiO x :H and ZnO:Al) shows that both produce an improvement in solar cell performance. The incorporation of ZnO:Al leads to a higher J sc enhancement, but the resulting FF is reduced with respect to the reference solar cell. Although SiO x :H gives a smaller increase in J sc , it does not cause a reduction in FF, resulting in a larger g improvement. Of all the analysed BR configurations, the best results were obtained for the configuration with the double interlayer SiOx:H/ZnO:Al and Ag as the metal. Using this design, the largest improvement in g (11.5%) has been reached. This is mostly due to an enhanced red response of the solar cell.
V. CONCLUSIONS
We investigated the optical and electrical effects of the BR structure in p-i-n a-Si:H solar cells. Using a unique inverse optical modeling approach, we derived the internal reflectance of Ag, Al, and Cr in different BR configurations for the wavelength range of 600-1200 nm. Ag deposited onto an interlayer of ZnO:Al or SiO x :H has the highest reflectance around 95% which is expected from the Fresnel equations. However, for Ag deposited directly onto a-Si:H and for any BR configuration with Al and Cr, we find a reflectance that is significantly lower than the value given by the Fresnel equations. Since we used flat solar cells for this optical study, we can rule out that plasmonic absorption losses are the cause of the lower reflectance respect to the one expected.
We deposited a-Si:H solar cells with 15 different types of BRs on textured substrates. A correlation between the BR reflectances determined in the optical simulation study on flat samples and the performances of solar cells deposited on textured substrate has been identified. The BRs with SiO x :H or ZnO:Al interlayers and Ag, for which we observed the highest reflectance, give the best red response of the solar cell. As expected, less reflective BRs also resulted in a lower red response. However, for the Ag and Al BRs without interlayers, the red response is still somewhat lower than expected. We attribute this to an additional reflectance loss due to plasmonic absorption in the metal that cannot be observed in the flat samples. We showed that the lower the refractive index of the interlayer, the further the plasmon resonance is shifted towards the blue part of the spectrum, where it cannot affect the red response of the solar cell. The BR does not affect V oc , but can affect the FF. We observed that the FF can be reduced somewhat when ZnO:Al is deposited directly onto a-Si:H. The fact that this is not the case for SiO x :H, that moreover can be deposited by PECVD, makes SiO x :H an interesting alternative to the commonly used ZnO:Al interlayer. The largest J sc enhancement was found for double interlayers containing both a SiO x :H and a ZnO:Al layers. The configuration where SiO x :H is deposited as the first layer, followed by the ZnO:Al layer, leads to both a high J sc and no reduction in FF and therefore results in the highest g. This double interlayer combined with Ag gives rise to a conversion efficiency of 9.7%, which is a relative enhancement of 11.5% compared to the reference solar cell without interlayers. 
